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Maternally inherited bacterial symbionts of arthropods are common, yet symbiont invasions of host populations have rarely been observed. Here, we show that Rickettsia sp. nr. bellii swept into a population of an invasive agricultural pest, the sweet potato whitefly, Bemisia tabaci, in just 6 years. Compared with uninfected whiteflies, Rickettsia-infected whiteflies produced more offspring, had higher survival to adulthood, developed faster, and produced a higher proportion of daughters. The symbiont thus functions as both mutualist and reproductive manipulator. The observed increased performance and sex-ratio bias of infected whiteflies are sufficient to explain the spread of Rickettsia across the southwestern United States. Symbiont invasions such as this represent a sudden evolutionary shift for the host, with potentially large impacts on its ecology and invasiveness.
T he life history traits of multicellular organisms, generally thought of as fundamental properties of the organism themselves, are often influenced by interactions with symbiotic species (1) (2) (3) (4) . These symbiont associations may form enduring evolutionary relationships with their hosts but can also be dynamic, entering and leaving populations in spans of a few years to thousands of years (5, 6) . The maternally inherited, endosymbiotic bacteria of insects comprise some of the most intimate of these associates. These symbionts spread in host populations either by increasing the fitness of all infected hosts or by manipulating host reproduction in ways that increase maternal transmission of the symbiont. Although the former is clearly beneficial to the host, the female-biased sex ratios or reproductive incompatibility caused by the latter are not in the host's genetic interests and are considered reproductive parasitism (7) . Generally symbionts fall clearly into one of these categories and/or symbiont spread can be clearly assigned to one or the other function [e.g., (8) ]. Here we describe the rapid spread of a bacterial symbiont, Rickettsia sp. nr. bellii, in a population of an invasive whitefly, Bemisia tabaci. Rickettsia infection increases whitefly performance; infected whiteflies produce more offspring that survive to adulthood at greater rates and develop more quickly. Symbiont infection also causes a strong female bias. Our results provide evidence of a rapid symbiont invasion in nature driven by the simultaneous expression of two host phenotypes, both contributing to symbiont spread.
Intracellular bacterial symbionts are common in insects. For example, Wolbachia is estimated to infect 66% of all insects (9), and~10% of insect species have obligate nutritional symbionts that provide essential nutrients to their insect hosts (10) . The endosymbiotic a-proteobacteria in the genus Rickettsia are best known for causing arthropod-vectored human diseases such as typhus and Rocky Mountain spotted fever (11) . However, recent surveys have uncovered a diversity of Rickettsia in arthropod hosts that are not blood feeders (12, 13) . In the majority of these cases, the role of Rickettsia is unknown [e.g., (14) ], but they may cause plant disease or manipulate arthropod host reproduction in ways that enhance transmission. For example, different Rickettsia species cause male-killing in a coccinellid beetle and parthenogenesis in parasitoid wasps (12, 15) .
The host of Rickettsia sp. nr. bellii in the current study is the sweet potato whitefly, B. tabaci (Hemiptera: Aleyrodidae). This sap-feeding insect is cosmopolitan and one of the worst pests of tropical and warm-temperate agriculture worldwide (16) . B. tabaci is a species complex composed of several populations or biotypes that are genetically distinguishable, are more or less reproductively isolated, and differ in a wide range of biological characteristics, including invasiveness (17) . These "biotypes" house distinct symbiont complements (18, 19) . In addition to Portiera aleyrodidarum, the obligate nutritional symbiont that is thought to supplement the amino acidpoor diet (20) , populations of B. tabaci contain different suites of facultative symbionts, including species of Wolbachia, Cardinium, Hamiltonella, Fritschea, Arsenophonus, and Rickettsia (19). The B biotype, the dominant B. tabaci biotype in the United States and the subject of this study, is fixed for both P. aleyrodidarum and Hamiltonella defensa (18, 21) . The roles of these facultative symbionts are largely unknown but likely contribute to the biological differences observed among whitefly biotypes (19) .
Here, we report the rapid spread of Rickettsia sp. nr. bellii (referred to as Rickettsia hereafter) in B. tabaci in the southwestern United States. Preserved samples of whiteflies from several sites in Arizona, New Mexico, and California show that the frequency of infection rose from 1% in 2000 to 51% in 2003 and to 97% in 2006 ( Fig. 1) 
To determine whether Rickettsia also spreads in the laboratory, the frequencies of Rickettsia were followed over five whitefly generations on three host plants (cotton, melon, and cowpea). The infection spread quickly when initiated at 14% of hosts infected (Fig. 2 ) (Wald's c 2 time,2 df = 59.48, P < 0.0001; Wald's c 2 time × host plant,4 df = 31.22, P < 0.0001). These data show that spread can occur on whitefly populations reared on at least three different host plants in the laboratory and is not limited by factors that occur only in the field, such as a particular host plant or natural enemy.
How did Rickettsia spread? After an introgression series of crosses to homogenize genetic background (22), we examined the rates of both vertical and horizontal transmission of Rickettsia in whiteflies. Experiments showed near perfect vertical transmission of Rickettsia from infected mothers to daughters (99.17% infected; n = 120 daughters from 18 mothers). In contrast, the rate of horizontal transmission from infected males to uninfected females on the same plant did not differ significantly from 0% (median = 0% infection for 8 replicates) (22) . Therefore, subsequent experiments compared the performance of Rickettsia-infected (R + ) and uninfected (R -) whiteflies.
Rickettsia-infected whiteflies on cowpea leaf disks produced almost double the number of adult progeny over their lifetimes (Fig. 3A) (t ,47 df = 4.55, P < 0.0001), and their offspring had greater survival to adulthood relative to uninfected whiteflies (Fig. 3B ) (Wald's c 2 ,1 df = 14.37, P < 0.001). Moreover, R + females produced a higher proportion of daughters than R -whiteflies, which would also contribute to Rickettsia spread ( Fig.   3C ) (Wald's c 2 ,1 df = 9.52, P < 0.002). An experiment with cohorts of whiteflies on whole cowpea plants produced similar results (Fig. 3, D  to F) . Rickettsia-infected females produced more juvenile progeny (Fig. 3D) (F 1,6 = 53.37, P < 0.0003), had greater survival to adulthood (Fig.  3E ) (Wald's c 2 ,1 df = 93.52, P < 0.0001), and had more female-biased sex ratios (Fig. 3F ) (c 2 ,1 df = 9.64, P < 0.002) than uninfected females. In addition, the latter experiment showed R + females and males develop 1 to 2 days faster than R -whiteflies (Fig. 4) (t females,14 df = 5.82, P < 0.0001; t males,14 df = 2.37, P < 0.05).
To determine whether the benefits of infection observed in the lab were sufficient to explain the rate of spread measured in the field, we used a simple growth model that incorporated the effects of infection on whitefly fecundity, survival, and sex ratio, as measured in two separate laboratory experiments (22) . Using the data from either of the two experiments, the results from the model indicate that the observed effects of infection were sufficient to explain the rate of spread in the field (22) . The rate of spread predicted from the model was higher than that seen in the field, suggesting that the spread in the field was slowed by one or more factors not included in the model (22) .
How Rickettsia influences performance and sex ratio of whiteflies is unknown. Among possible mechanisms are manipulation of plant quality by the Rickettsia-infected whiteflies; plant quality can dramatically change whitefly performance (24) . Alternatively, Rickettsia could serve as a nutritional mutualist or a defensive mutualist against cryptic pathogens present in the field and laboratory [e.g., (8, 25) ].
Our results contrast with previous work from Israel that showed slight performance benefits (R + whiteflies developed faster than R -) but no reproductive manipulation associated with Rickettsia infection in the B biotype of B. tabaci (26) . The reason for this disparity is unclear, but whiteflies in Israel also show lower Rickettsia infection frequencies in the field (18) , suggesting a fundamental difference between the Israeli and U.S. whitefly-Rickettsia interactions.
The results of this study show both host reproductive manipulation (strong female bias) and large fitness benefits associated with a single symbiont lineage. Multiple roles have recently been discovered for a few symbionts. A Wolbachia strain previously shown to cause weak reproductive incompatibility in Drosophila melanogaster (27) was shown to confer strong virus resistance (8) . More commonly, reproductive manipulator symbionts have been associated with modest increases in performance relative to uninfected individuals, likely as a result of coevolution of host and symbiont lineages [e.g., (28, 29) ].
The sex-ratio bias and performance benefits associated with Rickettsia infection in the current study both provide an explanation for the sweep of Rickettsia in the field and in the laboratory. The speed at which Rickettsia moved through the whitefly population and the apparent differences in the phenotype of the association in Israel and the United States suggest an especially dynamic interaction between Rickettsia and their whitefly hosts.
In general, new associations of inherited symbionts and hosts may result in rapid evolution of both partners and phenotypic shifts that optimize the symbiosis (29) . Both the transformation of a host population with a new symbiont infection and the subsequent coevolution of the symbiotic partners are important sources of evolutionary novelty and adaptation for insect hosts. In hosts that are invasive agricultural pests or disease vectors, symbiont infection may both increase the speed at which they adapt to their new environment and exacerbate their influence (1) . Clarifying the role of symbiotic microbes may offer insights for ameliorating pest invasiveness or impact (30, 31) . 
